The finc structure of the longitudinal laycr of the tunica muscularis of the mouse jejunum was studied in various stages of mechanically stimulated contraction. The relaxed cell is long and narrow with smooth cytoplasmic and nuclear contours. As contraction progresses, thc cell becomes ellipsoid and its borders exhibit invaginations at the points of myofilamentous attachmcnt to the plasma membrane and vesicle-containing projections of the intervening membranc. These changes are interprcted as representing the deforming forces applied by the myofilaments to the plasma membrane. The nucleus of the contractcd ccll is shortened and widencd, with convolution of its limiting membranes. This altcration, as well as progressive changes in the alignment of cytoplasmic organelles, is thought to be due to forces exerted on the internal structure of the ccll by the contractile elements. The myofilaments form a network of oriented bundles during contraction. Aggregates of filamcnts of two different diameters are noted. The two sizes of filaments intermingle only in small areas of increased density. These dense areas increase in length and number during contraction. A model of the functional organization of thc cell is proposcd.
INTRODUCTION
Although careful studies and analyses have been made of the cytologic changes in striated muscle during contraction, few such investigations have been carried out in mammalian smooth muscle (5) . The lack of information regarding morphologic alterations during the contraction of smooth muscle and the apparent lack of a regular pattern or arrangement of the contractile prctein filaments have prevented the formulation of a model. The purpose of this investigation was to study the ultrastructure of the relaxed smooth muscle cells in the mouse jejunum and to compare the findings with those observed in these cells in contracted states.
MATERIALS AND METHODS
Adult white mice were anesthetized and subjected to laparotomy. The distal jejunum was isolated and fixed in situ by dripping unbuffered 1 per cent osmium tetroxide at pH 5.5 on the exposed tissue for 30 minutes. The fixed tissue visibly increased in length and did not change upon excision from the still-llving animal. These observations were confirmed by fixation under the same conditions while measuring tension by means of a strain gauge. The specimen were dehydrated by passage through a series of graded alcohols and embedded in Epon 812. A second set of specimens was obtained by excision of 0.5-cm segments of intestine from the anesthetized animal followed by fixation in unbuffered 1 per cent osmium tetroxide. The specimens contracted vigorously upon excision from the living animal and remained contracted during fixation. The tissue was dehydrated and embedded as described above.
In addition to the specimens of relaxed and contracted tissue obtained by the procedures described, a third set of specimens was prepared. These specimens were the result of fixation with osmium tetroxide of excised 4-cm segments for 5 minutes followed by removal of the central portion of the partially fixed tissue and subsequent additional fixation of 0.5-cm segments. Although the ends of these specimens contracted upon excision, the central portions did not undergo visible alterations in length or diameter. Neither visual nor strain gauge observations revealed any changes in these specimens during fixation. These tissues were considered to represent a stage of contraction intermediate between relaxed and contracted and are termed partially contracted.
A group of specimens were excised as 1-cm segments and fixed for the full 30 minutes on a strain gauge, loaded to increase sensitivity. The central portions of these segments will be referred to as stretched or isometrically contracted cells.
The longitudinally oriented cells which comprise the outer layer of the tunica mnscularis of the mouse jejunal wall were examined by phase-contrast and electron microscopy. Sections for light and electron microscopy were cut on an LKB ultrotome. Toluidine blue stain was employed on sections for light microscopy, and solutions of lead salts on sections for electron microscopy. The sections were examined with a Zeiss phase-contrast microscope, an RCA EMU2B microscope, and a Siemens Elmiskop I.
FINDINGS

The Relaxed Cells
The relaxed cells of the longitudinal layer of smooth muscle in the mouse jejunum are spindleshaped with a long region of constant diameter. The length ranges up to 150 g in the longest cells. The average diameter is 2 #, but diameters as large as 3.5 # are noted. The cylindrical shape is attested to by the fact that the diameter is constant over a greater percentage of the cell length in the cells which appear to be longest, that is, in the cells which are most likely to have been cut in the plane of the long axis.
The nucleus of the relaxed cell appears as an elongate structure, approximately 15 # long and 1 # wide, oriented in the long axis of the cell (Fig. 1) . Its contours are smooth and it is surrounded by a narrow zone of cytoplasm containing mitochondria, RNP particles, a small Golgi complex, and small amounts of the granular endoplasmic reticulure. Extending from the poles of the nucleus are rod-shaped mitochondria and RNP particles arranged in a column oriented in the long axis of the cell. The mitochondria are arrayed with their long axis in the long axis of the cell and are no more than two or three abreast in any plane of section.
The bulk of the cytoplasm is occupied by filamentous arrays roughly polarized in the long axis but loosely packed, with the individual filaments following a meandering course in and out of the plane of section (Figs. 2 and 3 ). Scattered oval areas of increased density, 0.1 to 0.3 # in length, which are composed of closely packed fine particles, are noted in the course of the filaments. Interspersed among the filaments are small agFmvnE 1 Electron micrograph of longitudinally oriented relaxed smooth muscle cells from the external layer of the tunica muscularis of the mouse jejunum. The cell is an elongate cylinder with a smooth plasma membrane. The membrane of the cylindrical nucleus (N) is also smooth. A portion of the narrow column of organelles extending from the nuclear pole is present in this plane of section (C). The axes of rod-shaped mitochondria of this column and others (M) scattered through the cytoplasm are aligned in the long axis of the cell. Elements of the longitudinal sarcotubular system are noted (arrows) in the three cells shown. X 8000.
FIGURE 2 Electron micrograph of relaxed smooth muscle cells of the external layer of the jejunal tunica muscularis seen in cross-section. The cell borders are smooth and the cytoplasm contains a homogeneously dispersed array of myofilaments. The mitochondria ate cross-sectioned and present round profiles. )< 8000. Fiolm~ 7 Electron mierograph of the border of an obliquely sectioned smooth muscle cell. The areas of myofilament attachment to the plasma membrane are discrete plaques (A). The areas bearing plnocytotie vesicles and other organelles are eonfluent, with surrounding projections forming bridges (B) over the myofilament attachment plaque in this plane of section. The slim cytoplasmic connection between one of the projections (P) and the musele cell is not seen in this section, giving the appearance of an isolated island of cytoplasm. X 30,000.
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FmvaE 8 Electron micrograph of partially contracted smooth muscle cells in longitudinal section. The cell borders are slightly ruffled. The cell is roughly the shape of a double cone. The nucleus (N) is cylindrical but shows convolution of its membrane. The organdies at the nuclear pole form a broad short column (60. These mitochondria and others scattered among the myofilament bundles are not oriented in the long axis of the cell. X 7000. FmURS 10 Electron micrograph of longitudinally oriented, contracted smooth muscle cells. This thick section demonstrates numerous discrete bundles of myofilaments crossing at angles to one another, but with a net vector in the long axis of the cell. The courses of several bundles are indicated by arrows. )< 5000.
FIQURE 11 Electron micrograph of an obliquely sectioned, contracted smooth muscle cell. Most myofilaments are seen in longitudinal array (L), but groups of cross-scctioned profiles (C) representing crossing bundles are present scattered in their midst. )< 80,000.
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gregates of or single mitochondria. ~hese structures are also roughly oriented in the long axis of the cell. The plasma membrane of the relaxed cell is a smooth structure which has abundant pinocytotic vesicles apparently randomly distributed beneath it (Fig. 3) . Evident in the membrane are zones which lack pinocytotic vesicles but which appear to be approached closely by the myofilaments coursing from the interior of the ceil.
Contracted Cells
The fully contracted cells of the longitudinal muscle layer of the mouse jejunum are roughly elliptical in shape. As measured in a large number of electron micrographs, the length ranges up to 70/z and the diameter in the region of the nucleus, the widest point, reaches 6.0 #. These figures may be less than the true values for over-all length and width owing to difficulty in ascertaining the plane of section. However, the diameters are clearly increased over those of the relaxed cells.
The nucleus of the fully contracted cell is an oval structure (Fig. 4) . Its surface is markedly convoluted, invaginations of its membrane extending across two-thirds of its width. The zone of cytoplasmic organelles around the nucleus is also greatly widened, with the myofllaments confined to a narrow rim beneath the plasma membrane in this region. The column of mitochondria and RNP particles extending from the nuclear poles are no longer seen, the contours of this aggregate of organelles blending into the perinuclear zone with all polarity of mitochondria eliminated.
The myofilaments are clearly ordered into bundles and are densely packed. The bulk of the myofilaments form a compact mass in the ends of the cell, with few perinuclear bundles noted. The mitochondria seen among the myofilaments in relaxed cells are absent. They appear to have been displaced into the submembranous and perinuclear zones (Fig. 5) . Although there is variation from cell to cell in a single specimen and between specimens from different animals, the dense areas among myofilaments in contracted cells are, at least, several times more numerous per unit area than in relaxed cells. This is observed in both transverse and longitudinal sections. The dense areas are also longer in the contracted cells, measuring up to 0.8 #. No difference in width is noted.
The plasma membrane forms a profile of invaginations and bulbous projections or outpouchings (Fig. 6) . The projections contain a population of vesicles which appear to correspond to the vesicles randomly distributed beneath the plasma membrane of the relaxed cells. In many instances, these projections are seen as islands of cytoplasm separate from the muscle cell, a picture resulting from the slim cytoplasmic connections with the cell body being out of the plane of section (Fig.  7) . The invaginated segments of membrane are points of attachment of myofilaments and show close approach of filaments to areas of submembranous density. They are closer to one another as a consequence of the above-described projection of the intervening vesicle-bearing membrane.
Partially Contracted Cells
The partially contracted cells of the longitudinal muscle layer of the mouse jejunum are roughly double cones in shape. The length of the longest cells noted is 120 # and the diameters range up to 4.5 #. As in the fully contracted cells, the more reliable dimension is the diameter because of the problem of determining the plane of section.
The nucleus of these cells is also widened and shortened when compared to that of the relaxed cells (Fig. 8) . The invaginations of the nuclear membrane are fewer in number and smaller in extent than those seen in fully contracted cells. The perinuclear zone containing mitochondria, RNP particles, and Golgi apparatus is also increased in width. The columns of mitochondria and RNP particles extending from the nuclear poles are broadened, five or more mitochondria being seen across the width of the columns in some sections. These rod-shaped mitochondria are no longer oriented in the long axis of the cell.
The myofilaments are more densely packed than in the relaxed state, but do not form the compact masses seen in the ends of the fully contracted cells. They are, rather, arranged in strictly oriented bundles which appear to diverge and to cross one another (Fig. 10) . The dense areas among the myofilaments are intermediate in length and in number per unit area when compared to those in relaxed and fully contracted cells. The mitcchondria scattered between myofilaments are oriented in the long axis of the surrounding bundles.
The plasma membrane of the partially contracted cell demonstrates small, broad-based projections containing a single or double layer of pinocytotic vesicles (Fig. 9) . The intervening mem-
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THE JOURNAL OF CELL BIOLOGY -VOLUME ~7, 1965 FIGURE :l~ Electron micrograph of a partially contracted smooth muscle cell in cross-section. Aggregates of discrete points (arrows) are surrounded by areas which at this magnification appear to be faintly granular. Dense areas (D) show superpositlon of the discrete points on the granular background. Mitochondria (M), sarcotubules (S), and microtubules (m) are also present. X 70,000.
FIGURE 13 Electron micrograph of a partially contracted smooth muscle cell in cross-section. Two discrete bundles of thick filaments are shown (short arrows). The surrounding cytoplasm contains aggregates of thin filaments. X ~40,000.
FmURE 14, Electron micrograph of a partially contracted smooth muscle cell in cross-section. The area includes a centrally placed dense area. Thick filaments (short arrows) and thin filaments (long arrows) intermingle and are closely packed in these regions. The surrounding cytoplasm contains aggregates of thin filaments (box). X 300,000.
Fmun~, 15 Electron micrograph of obliquely sectioned smooth muscle cell. The dense area in the center of the picture consists largely of cross-sectioned profiles of filaments. The surrounding myofilaments present as short longitudinally oriented segments. Tile area outlined (box) is shown in insets labeled a to g in a portion of a through-focus series. The thick filaments (short arrows) and thin filaments (long arrows) retain their appearance and dimensions in all pictures of the series, ruling out diffraction artifacts. Fig. 5 , X 130,000; insets a to g, X 240,000. FIGURE 17 Electron micrograph of a partially contracted smooth muscle cell in longitudinal section. Thick filaments (short arrows) and thin filaments (long arrows) are identified. X 500,000.
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brane is free of vesicles and is closely approached by myofilaments. It shows the submembranous density previously described as attachment points. The stretched contracted cells were similar in all respects to the partially contracted cells. In a small number of the partially contracted and stretched contracted cells, the two ends of the cell showed different pictures, with one end resembling either the relaxed or fully contracted cells.
M yofilaments
The individual myofilaments of relaxed and contracted muscle cells are similar in appearance. Filaments of two diameters arc noted, with seeming segregation by size into bundles (Figs. 12 to  17) . The thin filaments, by far the more numerous, are 20 to 30 A in diameter. The thicker filaments are 50 to 60 A in diameter. Although obliquities of section and variations in section thickness do produce a range of filaments diameters, two distinct peaks of frequency arc seen at these values. A through-focus series (Fig. 15) indicates that this is not a diffraction artifact. In longitudinal section, the filaments could be followed for distances of 2 /~. This measurement probably does not correspond to the full length, however, since the filaments do not follow a straight path in the plane of the section.
The thin filaments arc seen, in cross-section, to form bundles of five or more. The thick filaments are fewer in number and less often seen in discrete bundles. Bundles of filaments often cross one another at acute angles, but only in the dense areas do the two sizes of filaments intermingle (Fig. 14) . The filaments are closely packed in these regions, but do not exhibit an obvious geometric array. The bundles of filaments contributing to each dense area radiate from either end of that structure. This pattern is seen in oblique as well as longitudinal sections (Fig. 1 I) , suggesting a three-dimensional convergence of bundles rather than crossing in a single plane.
The dense areas among myofilaments are longer in the contracted cells than in the relaxed cell. They do not exhibit significant increase in width. No clear increase in parallel arrangements of myofilaments which would suggest lateral interactions is apparent, nor are other differences in relationships between filaments noted.
In addition to the myofilaments, microtubules 200 to 250 A in diameter are scattered throughout the cytoplasm (Fig. 12) . A system of sarcotubules with diameters of 0.5 to 1.0 # are present in the cells (Figs. 1, 12, and 16 ). The sarcotubules course in the longitudinal axis of the cell, and in some cases can be followed for distances of 30 #. No transverse sarcotubular elements are noted.
DISCUSSION
A number of careful descriptions of the ultrastructural detail of mammalian smooth muscle cells from different loci have appeared in the literature (1-4, 8, 9, 11, 12, 15-20) . None of these accounts have shed much light on the organization of the contractile elements nor provided a morphologic model which might explain the contractile properties of smooth muscle as determined by the numerous physiologists who have studied it. The very fact that the myofilamentous arrangement appears to be one of simple disarray, groups of filaments not in register and/or in any other sort of discernible pattern, makes analysis difficult. Light microscopists viewing the smooth muscle cells (13) have noted that this disorder appears to increase with contraction, with nodal areas of swelling and increased density within cells as well as loss of clarity of cell borders, a situation far different from that in striated muscle where the banded patterns change with regularity.
Among the observations of other investigators studying smooth muscle, some points have stood out as characteristics which appear to be associated closely with the contractile organization, but whose role remained to be determined. Dense areas composed of filaments and what appear to be small particles clustered about the filaments have been described, but their irregular distribution and the differing numbers noted in the various preparations and types of smooth muscle have made analysis difficult (3, 9, 12, 18, 19) . Dense or "rough" areas on the plasma membranes also have been noted and described as points of attachment of the myofilaments, but no model has evolved from this information (2, 8, 9, 15, 16) .
In this study, the problem has been approached by observing the morphologic characteristics of a type of smooth muscle cell in various stages of mechanically stimulated contraction. The object was to discern changes in the cell which would help in understanding its organization and mode of function.
The first parameter used in observing the changes was that of shape and dimensions of the cells. The change from a long narrow form to a 210 THE JOURNAL OF CELL BIOLOGY -VOLUME 27, 1965 double cone and finally to an ellipsoid with a decrease in length and an increase in diameter is taken as an indication of the orientation of forces produced by the contractile elements and exerted on the plasma membranes. Because of the variable size of the cells and the uncertainty of the exact plane of section, volumetric and surface area analyses were not successful. However, an alteration in shape from a cylinder to an ellipsoid of the same volume would produce a body of considerably smaller surface. The folding of the plasma membrane is evidence that such a change does occur.
A similar rationale applies tG the change in shape of the nucleus from a smooth-surfaced elongate structure to an ovoid with deep invaginations of its membrane. ~fhese changes parallel the changes in cell shape, but the nuclear membrane, perhaps because the forces are not distributed as they are by the myofilamentous insertions on the plasma membrane, does not fold evenly over its surface but only in a few deep invaginations.
The changes obseived in the arrangement and orientation of the myofilaments consist of an increase in the density of the bundles, a straighter and more parallel course of the myofilaments within a bundle, and an increase in the number and length of dense areas in their interstices. These changes occur in the transition from relaxed to partially contracted cell and advance as the cell becomes more completely contracted. This would indicate that a degree of laxity of the filaments exists in the uncontracted cell and that the first alteration consists of the taking up of slack in the filaments, tautness being achieved in the conversion from relaxation to the partially contracted state. Further contraction results in forces which are exerted on the cell membrane and which deform it.
The changes in the position and orientation of the cell organelles are again a reflection of the orientation of the myofilaments and the forces they exert within the cell. The central column of mitochondria and R N P particles extending from the nuclear poles is probably a fluid mass whose shape is determined by the length of the cell and the pressure of the myofilament bundles around it. In the relaxed cell, the column is long and narrow, the elements tending to line up in the direction of the major axis. As the cell contracts, the length of the cell diminishes and the shape of the cell becomes blunter. The myofilaments surrounding the organelles become more densely packed, but are farther from the central region. The organelles would then have forces exerted on them from the ends of the cell, and their lateral limitations would be extended. The organelles would therefore tend to form a mass near the poles of the nucleus and in the perinuclear zone, the positions noted in the contracted cell. Further, the polarity of the mitochondria would be altered. With the forces applied from the ends of the cell being greater than those applied from the sides, the long axis of the mitochondria would be rotated perpendicularly to the long axis of the cell. In the case of the mitochondria which are interspersed among the myofilament bundles, the increased density and greater orientation of the myofilament bundles would produce greater lateral pressures on the mitochondria and hence the more constant finding of mitochondrial long axes aligned in the direction in which the surrounding filaments run.
Another set of observations is concerned with the changes in the cell membrane during contraction. It was noted that the relaxed cells posses a smooth plasma membrane which demonstrates aggregates of pinocytotic vesicles randomly placed beneath it. In the contracted cells, the plasma membrane shows an outpouching of the areas containing pinocytotic vesicles with intervening invaginated areas which appear to be points of myofilamentous attachment. This may reflect a strutting of the plasma membrane of the cell by the filaments at their points of attachment, with membrane deformation being the result of contraction of the filament mesh. The more plastic vesiclecontaining areas are projected to allow for the surface changes which must accompany the changes in the shape of the cells.
Finally, the myofilaments were seen to be of two diameters. Although most investigators have described filaments of a single size, 50 to 80 A in diameter, Choi (4), in a study of chicken gizzard smooth muscle, noted the presence of filaments 50 to 70 A in diameter with interspersed finer filaments less than 30 A in diameter. These figures correspond well with those obtained in the present study. It is noteworthy that Choi's preparations were also fixed in osmium tetroxide without prior glycerol extraction or glutaraldehyde fixation. Shoenberg (14) has also noted the presence of filaments of two diameters in guinea pig taenia coli and rabbit uterine muscle ceils. The differences in dimensions observed by Shoenberg may be species or tissue specific variations or may be related to methods of preparation. Shoenberg reports the elimination of thick filaments by prolonged washing and glycerination. X-ray diffraction studies (7) have failed to demonstrate myosin patterns in a variety of mammalian smooth muscle preparations, although actin patterns identical with those obtained from other types of muscle are observed. These data suggest that the myosin protein is not organized in distinct oriented filaments under the conditions studied. ~Ihe identification of two species of filaments in only a few of the several studies of vertebrate smooth muscle supports this concept of lability of the myosin moiety. 2rhe method of preparation utilized in the present investigation was dictated by the need to preserve the tissue in the induced state of contraction. It is likely that this technique, incidentally, was useful in maintaining oriented filamentous actin and myosin. The dimensions and appearance of the filaments must, however, be considered as a function of the mode of preparation.
The following description of the model of the organizatiGn of the smooth muscle cell and its functioning has been deduced from the above interpretations of the anatomic data. The smooth muscle cell is endowed with bundles of contractile protein filamenl~, attached to the plasma membrane at numerous points over the cell periphery. Bundles are attached at one end to the membrane, the other end interacting with other bundles at the dense areas. The whole system of myofilaments is a meshwork, oriented so that contraction results in forces being applied to the entire periphery of the cell and from there being transmitted to the neighboring cells either by connective tissue links or by specialized points of approximation (6, 10) previously demonstrated in these cells. The majority of the filaments in the mesh are oriented in the long axis of the cell. The net force is therefore exerted from end to end. In addition, the ends of the cells, lacking the central nucleus and large aggregate of organelles, contain more filaments, and hence the greatest force would be applied to the plasma membrane in these regions. The fila-2. CAESAR, R., EDWARDS, G., and RUSKA, H., ments in the relaxed cells lie slack, producing a fairly plastic cell. Partial contraction of the cell results in the slack being taken up in the filaments so that they form dense, oriented bundles extending between their points of attachment. In the fully contracted state, the network contracts beyond the degree needed to take up slack. Evidence that further shortening has occurred is provided by the alteration in the shape of the cell into an oblate spheroid and of the nucleus into a wrinkled ovoid. Moreover, the distance between the points of attachment on the membrane is reduced, causing further protrusion of the vesicle-bearing membrane as bulbous projections on a slender stalk of cytoplasm. The changes in shape and number of interfilament dense areas and the intermingling and intimate association of the two sizes of filaments in these regions indicate that these areas have a role in contraction.
The arrangement of myofilaments in a nonsarcomeric array but with essentially the same elements in a longitudinal orientation would allow for some of the physiologic differences between striated and smooth muscle. The graded response to stimulation with no true resting length, the similar efficiencies at varying lengths and the ability to remain contracted for prolonged periods without fatigue could be explained by utilization of the longitudinally arrayed groups as separate units. The presence of a longitudinally oriented sarcotubular system rather than both transverse and longitudinal systems further supports this concept. The nature of the two types of filaments, their exact relationships within dense areas, and the ordering of filament bundles which allows graded activation remain to be resolved.
